We have identified and characterized a novel murine gene, , that is an early and highly specific marker of neural induction in vertebrates. ENC-1, which encodes a kelch family related protein, is expressed during early gastrulation in the prospective neuroectodermal region of the epiblast and later in development throughout the nervous system (NS). ENC-1 expression is highly dynamic and, after neurulation, preferentially defines prospective cortical areas. The only apparent expression of ENC-1 outside the NS is restricted to the rostral-most somitomere of the presomitic mesoderm, at the times corresponding to the epithelialization that precedes somite formation. Cellular expression of epitopetagged ENC-1 shows extensive co-localization of ENC-1 with the actin cytoskeleton, and immunoprecipitation studies demonstrate a physical association between ENC-1 and actin. ENC-1 functions as an actin-binding protein that may be important in the organization of the actin cytoskeleton during neural fate specification and development of the NS.
The complexity of the nervous system (NS) presents major challenges for understanding how its neural components are formed and organized. Only a few molecular markers are available to monitor the earliest events of NS development. Among the earliest markers identified in vertebrates are homeobox genes Otx-2 (Simeone et al., 1992 (Simeone et al., , 1993 , XlHbox 6 (Wright et al., 1990) , Nkx-2.1 and Nkx-2.2 , and XlPOU 2 (Witta et al., 1995) ; the basic helix-loophelix gene XASH-3 (Zimmerman et al., 1993; Turner and Weintraub, 1994) ; the cell adhesion molecule N-CAM (Kintner and Melton, 1987) ; class II ␤-tubulin (Richter et al., 1988; Oschwald et al., 1991) ; and the carbohydrate epitope L5 (Roberts et al., 1991) . As development proceeds, an increasing number of genes are expressed in restricted domains of the neural tube. These expression domains define the following two types of boundaries: (1) transverse boundaries perpendicular to the longitudinal axis that segregate transverse or neuromeric domains and (2) longitudinal boundaries parallel to the longitudinal axis segregating longitudinal domains extending through multiple transverse domains. In embryonic hindbrain and forebrain, the expression pattern of a large number of candidate regulatory genes, including homeobox genes, suggests a neuromeric organization (Bulfone et al., 1993; Puelles and Rubenstein, 1993; Rubenstein et al., 1994 . Similarly, genes marking areas of regional specification in the cortex have been identified (Bulfone et al., 1995) , although little is known of the mechanism regulating such regionalization.
Most genes defining early events or domains of CNS development are transcription factors, the expression of which is temporally and spatially restricted. This is compatible with data indicating that NS development involves a combination of signaling by soluble cytokines, cell-cell interactions, and interactions with the extracellular matrix that regulate gene expression in a lineage-specific manner (for review, see Simpson, 1995; Calof, 1995) . Other observations suggest that changes in cell shape leading to reorganization of the cytoskeleton alters gene expression, possibly by interacting with nuclear matrix or by activating and facilitating the transport of regulatory factors to the nucleus (Ben-Ze'ev, 1991; Li et al., 1994; Rosette and Karin, 1995; Weitzer et al., 1995) .
We have identified and characterized a novel gene, the expression of which is highly specific for neural tissue. ENC-1, named for its expression pattern in Ectoderm and Neural Cortex, is expressed early during embryogenesis in the prospective neuroectodermal region of the epiblast and continues to be expressed during development throughout the NS. Analysis of ENC-1 indicates that it is a homolog of kelch, a Drosophila gene essential for oogenesis (Xue and Cooley, 1993) . Members of the kelch family have been identified in several species and are important for cytoskeletal organization and function (Varkey et al., 1995; Way et al., 1995b) . ENC-1 is the only member of this family expressed in the NS and encodes a cytoplasmic protein that interacts with the actin cytoskeleton. Based on ENC-1's pattern of expression, primary structure, subcellular localization, and in vivo interaction with actin, we propose that ENC-1 functions as an actin-binding protein important for organization of the cytoskeleton during neural fate specification and development of the NS.
MATERIALS AND METHODS
Cloning and sequence analysis of ENC-1 cDNA. Total RNA was isolated from embryonic day 17 (E17), postnatal day 1, and adult mouse brains by the guanidinium-CsCl method (Ausubel et al., 1994) . Total RNA (5 g) was used for the synthesis of cDNA (SuperScript preamplification system, Life Technologies, Gaithersburg, MD) that served as a template for a PCR amplification using primers specific for Id molecules. A cDNA fragment of 732 bp was amplified with the oligonucleotide 5Ј-AAGGAGCTGGTGCCCACC-3Ј, then cloned into the PCRII (Invitrogen, San Diego, CA) plasmid (clone p2x) and its DNA sequence determined. To obtain a full-length ENC-1 cDNA clone corresponding to the mRNA recognized by p2x DNA, we screened a previously described mouse brain cDNA library (Porteus et al., 1992) using standard colony hybridization procedures (Sambrook et al., 1989) . Several positive clones were identified and analyzed. Both strands of the longest cDNA (clone p10.2x) were sequenced as double-stranded plasmids with synthetic primers by the dideoxy-nucleotide chain termination method using the Sequenase enzyme (United States Biochemicals, Cleveland, Ohio) and [␣- 35 S]dATP (Amersham, Arlington Heights, IL). A XbaI fragment of 598 bp corresponding to the 5Ј end of ENC-1 cDNA was subcloned in the M13mp19 RF vector (Boehringer Mannheim, Indianapolis, IN) to facilitate sequencing, because this region is rich in guanine and cytosine nucleotides. Sequence analyses were performed using the Wisconsin Genetics Computer Group Sequence Analysis Software Package.
Northern blot analysis. Northern blot analysis was performed as described previously in Ausubel et al. (1994) . A blot containing 1 g of poly A ϩ RNA isolated from a variety of tissues of adult mice (Clontech, Palo Alto, CA) was hybridized to a 32 P-radiolabeled DNA probe prepared by random primed (Amersham) DNA synthesis using clone p2x (732 bp fragment of a coding region of ENC-1 cDNA). Blots were subsequently hybridized with a ␤-actin cDNA probe used as an RNA loading and transfer control.
Construction of tagged ENC-1. Epitope-tagged ENC-1 was prepared by introduction of a DNA sequence encoding an 11 amino acid peptide (MASMTGGQQMG) corresponding to the major capsid protein of T7 (Tsai et al., 1992) at the initiation codon of ENC-1. A 54 bp oligonucleotide encoding the 11 amino acids of the T7 epitope and amino acids 2-8 of ENC-1 was synthesized as the upstream primer and 5Ј-CCTGCCTTCCTAATGTAGAGC-3Ј as the downstream primer located at the 3Ј end of the ENC-1 coding region. Clone p10.2x served as a template to amplify the coding region of ENC-1 fused to the DNA encoding the T7 epitope at the 5Ј end by PCR. The expected 1800 bp PCR fragment was cloned into the PCR3 eukaryotic expression plasmid (T/A cloning kit, Invitrogen). DNA sequence of this insert was determined and found to be unchanged.
In vitro transcription and translation of ENC-1. To prepare ENC-1 and T7tagENC-1 proteins, SalI-linearized DNA from plasmid p10.2x and EcoRI-linearized DNA from plasmid pT7tagENC-1 were used as templates in in vitro transcription reactions (Stratagene, La Jolla, CA) and in vitro translation using [
35 S]methionine (Amersham) and a rabbit reticulocyte translation kit, as recommended by the supplier (Promega, Madison, WI). The protein products were boiled in SDS loading buffer, separated on SDS-PAGE, and visualized by autoradiography.
Cell culture, transfection, and immunofluorescence. National Institutes of Health (NIH) 3T3 cells and Daoy cells were obtained from the American Type Culture Collection (Rockville, MD) (catalog #ATCC CRL 1658 and #ATCC HTB 186, respectively). SNB40 cells were kindly provided by Dr. R. Youle, NIH, Bethesda, MD. NIH 3T3 cells were cultured in high-glucose DMEM containing 100 g/ml penicillin G, 100 g/ml streptomycin, and 5% FBS (all from Life Technologies) and maintained in a humidified 5% CO 2 /95% air incubator at 37°C. A transient transfection protocol modified from that described by Felgner and Ringold (1989) was used to examine ENC-1 expression. Briefly, cells were grown to 70 -80% confluence in a two-well tissue culture chamber slide (Nunc, InterMed, Naperville, IL) and washed once with calciumand magnesium-free PBS (CM-PBS) and once with OptiMEM medium (Life Technologies). A lipofectin-DNA mixture containing 2 g of pT7tagENC-1 DNA or pCR3 DNA and 3 g of lipofectin (Life Technologies) diluted in 1 ml of OptiMEM was then added to each well. After incubation at 37°C for 6 -7 hr, the medium was replaced with 1 ml of culture medium containing 10% FBS. The cells were examined between 12 and 48 hr after transfection. Medulloblastoma cell lines Daoy and SNB40 were cultured in Eagle's Minimal Essential Medium with Earle's BSS supplemented with nonessential amino acids, 1 mM sodium pyruvate, 100 g/ml penicillin G, 100 g/ml streptomycin, and 10% FBS (all from Life Technologies). The cultures were maintained in a humidified 5% CO 2 /95% air incubator at 37°C. Stable transfections were performed in cells grown to 70 -80% confluence in 35 mm tissue culture plates by adding a lipofectin-DNA mixture containing 8 g of pT7tagENC-1 DNA or pCR3 DNA and 10 g of lipofectin diluted in 2 ml of OptiMEM. After incubation at 37°C for 6 -12 hr, the transfection medium was replaced with 2 ml of culture medium, and cells were incubated for an additional 48 hr. Cells were then divided between two 100 mm tissue culture plates and selected for 3 weeks in culture medium containing 500 g/ml G418 (Geneticin, Life Technologies). Four pools of transfectant clones were obtained and subsequently maintained in presence of G418.
For immunofluorescence, the transfected cells were fixed in 4% paraformaldehyde in CM-PBS for 10 min at room temperature. Cells were permeabilized, and nonspecific binding was blocked by incubating the cells for 15 min at room temperature in CM-PBS-Tween (CM-PBS/0.1% Tween 20) containing 0.05% Nonidet P-40, 10% goat serum, and 3% BSA. The same solution without Nonidet P-40 was used for the following incubations with antibodies. Initially, an incubation with mouse T7tag monoclonal antibody (1:300 dilution) (Novagen, Madison, WI) was performed at room temperature for 1 hr. After washing in PBS, cells were incubated for 1 hr at room temperature with a 1:50 dilution of FITCconjugated goat anti-mouse IgG (Boehringer Mannheim). To visualize the F-actin cytoskeleton, cells were washed and incubated further for 40 min with TRITC-labeled phalloidin (Sigma, St. Louis, MO) at a final concentration of 0.2 g/ml in PBS. Cells were finally washed and mounted, and preparations were examined and photographed using a Zeiss Axioplan epifluorescence microscope (Zeiss, Oberkochen, Germany).
Immunoblot analysis and immunoprecipitation. Transfected cell lines were lysed in EBC buffer (50 mM Tris-HCl, pH 8.0, 120 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA) containing 10 g/ml aprotinin and leupeptin and 1 mM PMSF (Sigma). The protein concentration of the lysates was quantitated by the Bradford protein assay (Bio-Rad, Hercules, CA), and 100 g of total protein was resolved by SDS-PAGE using standard methods. The proteins were then transferred to nitrocellulose membranes by electroblotting and processed for immunodetection. Nitrocellulose membranes were incubated for 3 hr at room temperature in TBS-Tween (50 mM Tris, pH 7.6, 1.5% NaCl, 0.1% Tween 20) containing 6% nonfat milk (dilution buffer) and overnight at 4°C with the T7tag monoclonal antibody diluted 1:10,000 in dilution buffer. Then the membranes were rinsed briefly, washed three times for 5 min each in TBSTween, and incubated for 1 hr at room temperature with the secondary antibody (peroxidase-labeled goat anti-mouse IgG, Life Technologies) diluted 1:15,000 in dilution buffer. Finally, the membranes were washed in TBS-Tween for 1 hr at room temperature and the labeled bands visualized with an ECL detection system (Amersham).
To immunoprecipitate actin and actin-associated proteins from stably transfected Daoy cells, 85% confluent cultures in 150 mm dishes were lysed at 4°C in 1.5 ml of EBC buffer containing 10 g/ml aprotinin and leupeptin and 1 mM PMSF. Lysates were clarified by centrifugation, and the supernatants were gently agitated at 4°C for 3 hr with an affinitypurified rabbit anti-actin antibody (Sigma) or with normal rabbit Igs (Dako, Carpinteria, CA). This was followed by the addition of 60 l of protein A-Sepharose beads (Life Technologies) and incubation further for 1 hr. Immunoprecipitates were then collected by centrifugation, washed five times with EBC buffer at 4°C, and denatured in SDS loading buffer for electrophoresis. Samples were separated on 10% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were treated as above with T7tag monoclonal antibody.
In situ hybridization. ENC-1 expression was detected in tissue sections from whole mouse embryos and fetuses, as well as in postnatal brains using radioactive in situ RNA hybridization (Bulfone et al., 1993) . A radiolabeled antisense ENC-1 riboprobe was transcribed from the 732 bp cDNA clone p2x. In situ hybridization to whole mouse embryos (E8.0 -E10.5) and whole embryonic brains (E11.5 and E12.5) was performed using nonradioactive probes according to the methods of Conlon and Rossant (1992) and Shimamura et al. (1994) , with modifications described in Bulfone et al. (1995) . For these experiments, the antisense ENC-1 riboprobe was synthesized using a digoxigenin RNA labeling kit (Boehringer Mannheim) and DNA from the clone p10.2x. The hybridized probe was detected by anti-digoxigenin antibody using an alkaline phosphatase reaction. As a control, radioactive and nonradioactive riboprobes of Tbr-1 and Pax6 genes were used in adjacent sections and in whole mouse embryos at the same stage of development in parallel, simultaneous experiments. These probes detected the previously reported Tbr-1 and Pax6 patterns of expression (data not shown).
RESULTS

Molecular cloning of ENC-1
To better understand mammalian NS development, we sought to identify novel genes, the expression for which was limited to the NS. For this purpose, we used PCR amplification of cDNA prepared from mRNA of mouse brain at different stages of development. These reactions were primed with oligonucleotides designed to reflect conserved regions of transcription factors likely to be important in NS development. Without additional characterization, we then screened the reaction products for differential expression in the developing NS. Among the reaction products of an RT-PCR amplification designed to identify Id family members (Benezra et al., 1990) in mRNA isolated from the brain of a 1-d-old mouse, we isolated a cDNA fragment of 732 bp. This fragment was used as a probe in Northern blot analysis of poly(A ϩ ) RNA from adult mouse tissues. This Northern blot analysis revealed abundant transcripts in the brain, but expression was not apparent in any other mouse tissue examined (Fig. 1) . Overexposure of the autoradiogram revealed a very weak signal in testis tissue (data not shown). Abundant transcripts were also detected in total RNA isolated from brains of E17 and postnatal day 1 mice (data not shown). The transcript we detected is ϳ4.5 kb. The 732 bp fragment was cloned in the PCRII vector (clone p2x) and then used to screen a mouse brain cDNA library (Porteus et al., 1992). We analyzed two of several cDNA clones obtained, p7.2x and p10.2x, which had a size of ϳ1.9 and 2.4 kb, respectively. Figure 2 presents the nucleotide sequence of the ENC-1 cDNA clone p10.2x and the predicted amino acid sequence of the polypeptide it encodes. This cDNA clone of 2390 bp is a partial representation of the 4.5 kb mRNA (see above), but it contains a long open reading frame (ORF) of 1767 bp. A stop codon is found 9 nt upstream of the ATG that marks the 5Ј end of the longest ORF of this cDNA clone; therefore, we assume that this is the initial methionine of the translational product. The predicted protein has 589 amino acids and a calculated molecular weight of 66,043 Da. We performed in vitro transcription-translation assays using both p7.2x and p10.2x DNA as a template and detected a protein of ϳ67 kDa in agreement with the predicted molecular weight (see Fig. 4 A) (data not shown).
Sequence analysis of ENC-1
Searches for homology in protein databases revealed that ENC-1 shares a significant degree of homology (28% overall identity and 50% overall similarity) with the 76.5 kDa kelch protein, a component of ring canals in Drosophila egg chambers ( Fig. 3 A, B) (ORF1) (Xue and Cooley, 1993) . Sequence analysis of ENC-1 also indicated the presence of a 50 amino acid stretch consecutively repeated six times in the C-terminal half of the protein (Fig. 3B , shaded boxes). This tandemly repeated motif was first identified in the kelch protein and subsequently defined a family of proteins containing highly similar repeats (Chang-Yeh et al., 1991; Xue and Cooley, 1993; Bork and Doolittle, 1994) . Other members of this family that share significant sequence identity with ENC-1 are calicin, a major basic protein of the mammalian sperm head cytoskeleton (von Bülow et al., 1995) ; SPE-26, a Caenorhabditis elegans protein expressed throughout the testis in both spermatogonial cells and spermatides (Varkey et al., 1995) ; ␣-scruin, an actin-bundling protein found in the acrosomal process of Limulus polyhemus sperm (Way et al., 1995b) ; ␤-scruin, a homolog of ␣-scruin that is localized to the acrosomal vesicle of Limulus sperm (Way et al., 1995a) ; and MIPP, a protein encoded by a intracisternal A-particle-promoted placenta-expressed gene (Chang-Yeh et al., 1991) . Additional protein sequences that contain this repeated motif include several ORFs of the poxvirus family such as A55R, C2L, F15, and F3L of vaccinia virus (Goebel et al., 1990) ; C4L and C13L of swinepox virus (Massung et al., 1993) ; and P65 of entromelia virus (Senkevich et al., 1993 ).
An additional domain of significant homology near the N terminus of ENC-1, kelch, calicin, and VA55 comprises ϳ120 amino acids (Fig. 3B, hatched box) . This domain is homologous to a domain found in several zinc finger proteins such as the mammalian BCL-6 protein (Ye et al., 1993) (Fig. 3B) and proteins of Drosophila such as those encoded by tramtrack (TTK ) (Harrison and Travers, 1990) and Broad Complex (BR-C) (DiBello et al., 1991) . This domain has previously been named the BTB box (for Broad Complex, tramtrack, and bric à brac) (Godt et al., 1993) or POZ domain (for poxviruses and zinc finger) (Bardwell and Treisman, 1994) .
ENC-1 associates in vivo with actin and co-localizes with the actin cytoskeleton
To study the subcellular localization of ENC-1, we transfected Daoy and SNB40 cells, which normally express the ENC-1 gene, and NIH 3T3 cells, which do not express ENC-1 (data not shown), with an expression vector encoding a T7 epitope-tagged ENC-1 cDNA (pT7tag ENC-1). Before transfection, we confirmed by in vitro transcription-translation assays that a protein of the predicted full length was synthesized from this vector. As shown in Figure 4 A, the band corresponding to the T7-tagged ENC-1 fusion protein migrated in SDS-PAGE slightly slower than ENC-1, presumably as a result of the 11 amino acid insert at its N-terminal region. Using a T7tag monoclonal antibody, the T7-tagged ENC-1 fusion protein was also detected by immunoblot analysis in cell extracts from stably transfected Daoy and SNB40 cells, but not from NIH 3T3 cells (Fig. 4 B) (data not shown).
The subcellular localization of the T7-tagged ENC-1 fusion protein in transiently or stably transfected Daoy, SNB40, and NIH 3T3 cells was investigated by immunofluorescence. We used the A, Alignment of ENC-1 and two homologous proteins, kelch and SPE-26, generated by the Wisconsin Genetics Computer Group Sequence Analysis Software Package modules PILE UP and PRETTYBOX. The arrows above the aligned sequences denote a region of homology (BTB/ POZ domain) present in ENC-1, kelch, and a number of zinc finger proteins. The arrowhead indicates the start position of the first repeat, based on structural analysis of the repeat motif (kelch motif) by Bork and Doolittle (1994) . The double asterisks indicate the double-glycine motif found in all kelch repeats. B, Schematic representation of proteins that share homology to ENC-1. The homology between the proteins is represented by thicker parts of lines representing each sequence. The shaded boxes represent the repeated segments of ϳ50 amino acids (kelch motif). The number and location of repeats were based strictly on the presence of two adjacent glycine residues. The hatched box represents the BTB/ POZ domain. Z represents the zinc finger regions in the BCL-6 protein. Protein length in amino acids and percentages of amino acid identity and similarity are shown on the right. T7tag monoclonal antibody followed by FITC-conjugated antimouse Ig. We were unable to detect ENC-1 expression in NIH 3T3 cells except when transiently transfected cells were examined 12-18 hr after transfection. We noticed that fewer cells were labeled at 24 hr, and fewer yet at 48 hr. ENC-1-positive cells at 24 -48 hr showed obvious morphological evidence of cytotoxicity including areas of detachment from the tissue culture surface and contraction of the cytoplasm (data not shown). We observed qualitatively similar expression in the medulloblastoma cell lines SNB40 and Daoy. In the pools we studied, the level of expression was highest in cell lines derived from Daoy. The staining in Daoy-positive cells was distributed throughout the cytoplasm and was particularly intense in the perinuclear area (Fig. 4 D, b) . Because kelch-related proteins are known to be associated with actin filaments, we performed dual labeling with phalloidin, a fungal toxin specific for filamentous actin, and found extensive co-localization of ENC-1 with the actin cytoskeleton (Fig. 4 D,  a,b) . Co-localization of ENC-1 with actin was maintained after Lysates from Daoy cells stably transfected with T7-tagged ENC-1 were immunoprecipitated with a polyclonal antibody against actin or with normal rabbit Igs. Immunoprecipitates were then analyzed by immunoblotting with T7 tag monoclonal antibody. The T7-tagged ENC-1 (67 kDa) was present in the anti-actin immunoprecitate, but not in the control (arrow). Cross-reactivity with rabbit heavy-chain IgG is indicated by an asterisk. Normal rabbit Igs were used in an excess concentration in relation to the affinity-purified anti-actin antibody, which accounts for a stronger signal of the heavy-chain IgG in the control immunoprecipitate. Positions of the molecular mass markers in kilodaltons are shown at left. D, Colocalization of ENC-1 with the actin cytoskeleton. T7-tagged ENC-1 was stably expressed in Daoy cells and localized by immunofluorescence with a mouse T7tag monoclonal antibody followed by FITCconjugated goat anti-mouse Ig (b, d ). In the same cells, actin filaments were visualized with TRITC-labeled phalloidin (a, c). Cells fixed after a 30 min treatment with cytochalasin D to disrupt actin filaments were also examined (c, d). Photomicrographs were taken from the same field using filters for rhodamine (left) and fluorescein (right). Magnification 630ϫ.
treatment of the cells with cytochalasin D, an actin depolymerizing agent (Fig. 4 D, c,d ). These results strongly suggested the possibility that ENC-1 might be associated with the actin filament network.
To address this question more critically, we sought to coimmunoprecipitate these proteins. Lysates from Daoy cells stably transfected with T7-tagged ENC-1 were immunoprecipitated with an affinity-purified anti-actin antibody or with normal rabbit Igs as a control and then analyzed by immunoblotting with T7tag monoclonal antibody. As shown in Figure 4C , the 67 kDa T7-tagged ENC-1 was specifically detected by the anti-T7tag monoclonal antibody in the actin immunoprecipitates, but it was absent in the immunoprecipitation from normal rabbit Igs. Although quantitation of the amount of ENC-1 associated with actin under physiological conditions awaits the availability of an antibody that recognizes ENC-1, these results demonstrate a physical association between ENC-1 and actin in these transfected cells.
Expression of ENC-1
To study the expression of ENC-1 during mouse development, we used in situ RNA hybridization to histological sections and wholemount preparations. ENC-1 expression was highly dynamic over the course of development but restricted almost exclusively to the NS. Expression was detected at the preneurulation stage of mouse embryos (E6.5) in the prospective neuroectodermal region of the epiblast. In the neural plate (E8.0 -E9.0), there was diffuse expression. The highest levels of expression were observed in lateral areas, particularly in the neural ridge. Early neural tube expression (E9.0 -E10.5) was primarily localized to the alar plate. At later stages, ventral domains of ENC-1 expression appeared in the prosencephalon, rhombencephalon (RH), and spinal cord (SC). To describe ENC-1 expression, we used the terminology of the prosomeric model (Bulfone et al., 1993; Puelles and Rubenstein, 1993; Rubenstein et al., 1994) .
Early expression of ENC-1 (E6.5-E10.5)
ENC-1 expression was detected at E6.5 in the anterior and distal region of the egg cylinder. This is the ectodermal region of the epiblast that later differentiates predominantly into neuroectodermal cells (Lawson et al., 1991; Quinlan et al., 1995) (Fig. 5a,b) . No expression was detected in any extraembryonic tissue. At E8.0, ENC-1 expression was detected in ectodermal derivatives. The neural plate was labeled rostrally in the lateral areas of the forebrain anlage and neural ridge (Fig. 5c) . The cranial neural crest, which is derived from the neural ridge (Couly and Le Douarin, 1987) , was also labeled (Fig. 5d, h ). We observed weak or no expression in the anterior neural ridge (Fig. 5c) ; cranial neural crest does not form from this region (Osumi-Yamashita et al., 1994) . The prospective areas of the midbrain (MB) and rostral hindbrain, including the ventral neuroepithelial zones (Fig. 5c ), expressed ENC-1. Caudally, the expression was localized to the ectoderm lateral to the primitive streak.
At E9.0 and E9.5, ENC-1 RNA expression was detected in the neuroepithelium of the caudal pole of the telencephalic vesicle (T) (Fig. 5d, f, g ), the rostral RH [prorhombomere A (PRA)] (Fig.  5d-h) , and the alar plate of the SC (Fig. 5h) . Mesenchymal cells (probably neural crest cells) in the head and body were also labeled (Fig. 5d, h) . Caudally, ENC-1 was expressed in the margins of the caudal neuropore (Fig. 5d) .
In E10.5 mouse embryos, ENC-1 expression was observed in the T, where the cortical anlage showed more intense labeling than the basal ganglia anlage (Fig. 5j) . The caudal diencephalon showed scattered cells expressing ENC-1 in ventral areas of the alar plate of prosomere 1 (P1). The mesencephalon (MB) showed a rostro-caudal gradient of expression that started at the mesencephalic-diencephalic boundary (Fig. 5j, arrows) . ENC-1 was also expressed in the cerebellar plate and in dorsal areas of the RH and SC. Cells expressing ENC-1 in the dorsal domains were primarily localized in the mantle layer (Fig. 5k) . In addition, at this stage, weak expression of ENC-1 appeared in the basal plate of P1 and P2 (Fig. 5j, asterisk) . ENC-1 expression was also localized to the neural crest-derived cells of the dorsal root ganglia (Fig. 5l ) .
Late embryonic expression of ENC-1 (E11.5-E16.5)
At E11.5, additional domains of expression, as well as those present at earlier stages, were observed. ENC-1 expression was strong in the cortical anlage of the T and in the medial ganglionic eminence (MGE) (Fig. 6a) . A transverse zone of ENC-1 expression between P1 and P2, in the region of the retroflexus tract (Fig.  6a) , was recognizable. In the basal plate of the prosencephalon, the expression extended from P1 to P4, where the mammillary region (MA) was more intensely labeled (Fig. 6a) . More posteriorly, ENC-1 was expressed in the cerebellar plate and in the alar plate of RH and SC.
In some regions, ENC-1 was expressed in the proliferative layer (the ventricular zone), whereas in other domains, its expression was restricted to mantle layers that contain postmitotic cells (Fig.  7, schema) . The telencephalic expression of ENC-1 was primarily restricted to the mantle layer of the cortex (primordial plexiform layer) and MGE (Fig. 6b) . Mantle expression was also detected in P1, MB, CB, and the dorsal rhombomeric regions (Fig. 6c,e) . In RH, two new domains of ENC-1 expression were detected, a longitudinal domain limited by the basal and alar plates extending throughout RH and SC with the exception of rhombomeres 2 and 3 (r2 and r3) (Fig. 6c,e) . The second domain was localized segmentally in the paramedian area of the floor plate on both sides of r4 (Fig. 6d,e) . Ventricular zone expression was found in the anlage of the hippocampus (HP) (Fig. 6b) , the diencephalic basal plate (from the rostral MB to MA) (Fig. 6d, asterisk) , and in the r4 paramedian area (Fig. 6d-f ) .
Expression of ENC-1 in the E12.5 neural tube continued to be strong in the forebrain. Expression in the MGE and cortical anlage was separated by a zone of weaker expression in lateral ganglionic eminence (LGE) (Figs. 6g,h, 7, schema) . Two interprosomeric boundary zones expressed ENC-1, the P2/ P3 and P1/ P2 boundaries (Figs. 6h, 7) . The longitudinal domain of ENC-1 expression that extended along RH and SC was also present at this stage (Fig. 6h,  open arrow) . In SC, ENC-1 was expressed in the dorsal area of alar plate and in the subventricular zone of the sulcus limitans (Fig. 6h,i) .
At E14.5 and E16.5, ENC-1 continued to be expressed in the maturing tissues of the CNS, in patterns very similar to those observed in earlier stages (Fig. 6j,k) . In the T, the cortical plate, including the hippocampal anlage (HP), was clearly labeled (Fig.  6k) . Much less expression was found in LGE-derived striatum (ST), whereas the preoptic area (POA) expressed ENC-1. Hypothalamic (Hy) expression extended through infundibular and MA domains. The alar diencephalon showed expression of ENC-1 in superficial areas of the dorsal thalamus (DT) and pretectum (PT) (Fig. 6k) . MB expression included the superior colliculus (SuC) and some tegmental areas. There was widespread expression of ENC-1 in the hindbrain, including rhombic lip derivatives (pontine and inferior olivary nuclei). The isthmic region had little or no expression (Fig. 6j, short arrow) .
ENC-1 expression in adult brain
ENC-1 continued to be strongly expressed in HP and neocortex, except in a thin layer that corresponds to the deep area of layer I (Fig. 6l ) . Some cells in the ST and POA were also positive for ENC-1. Expression was present in alternating transverse domains of the ventral thalamus (P3), PT (P1), and inferior colliculus. The Hy expressed ENC-1 in the MA and infundibular regions (Fig. 6l ) . In the adult, caudal regions of the brain had undetectable levels of ENC-1 expression (Fig. 6l ) .
ENC-1 is expressed at E9.5 and E10.5 in the rostralmost somitomere of the presomitic mesoderm ENC-1 is limited to only a somite-sized domain at the anterior end of the presomitic mesoderm. This region corresponds to the rostral-most somitomere in the paraxial mesoderm (Tam and Trainor, 1994) (Fig. 5h, large open arrow) . Figure 5i shows a sagittal section from an E9.5 mouse embryo that contains the caudal paraxial mesoderm region, where ENC-1 was segmentally expressed just before somitic segmentation could be morphologically recognized (Fig. 5i, open arrow) . Because the embryonic axis developed and somites and somitomeres are formed in a strict rostro-caudal sequence (Tam and Trainor, 1994) , the new rostralmost somitomere that express ENC-1 at E10.5 was localized in the tail bud (Fig. 5j, open arrows) .
DISCUSSION
ENC-1 is a member of the kelch family of proteins and interacts with the actin cytoskeleton
We found significant amino acid homology between mouse ENC-1 and proteins of the kelch family. These proteins are characterized by the presence of a motif of ϳ50 amino acids, which is repeated two to seven times and invariably contains two adjacent glycine residues. This motif is called the kelch repeat (Bork and Doolittle, 1994; Cooley and Theurkauf, 1994) . Among members of this family, kelch, SPE-26, calicin, and ␣-scruin are synthesized as cytoskeletal components during germ cell differentiation, and they occur in membrane-associated dense structures (Xu and Cooley, 1993; Varkey et al., 1995; von Bülow et al., 1995; Way et al., 1995b) . Kelch co-localizes with actin filaments that form ring canals that regulate nutrient transport from the nurse cells and oocyte. Mutations in the kelch gene affect this cytoplasm transport, producing a female sterile phenotype (Xue and Cooley, 1993; Knowles and Cooley, 1994) . Mutations in SPE-26 cause sterility in C. elegans males and hermaphrodites by disrupting the intracellular segregation of components necessary to form spermatids (Varkey et al., 1995) . Five of six loss-of-function SPE-26 mutations were in the tandem repeats, and one of the most severe mutations was a substitution in a highly conserved glycine. In the case of ␣-scruin, there are six kelch repeats at the N terminus and six kelch repeats at the C terminus that are responsible for ␣-scruin-actin cross-linking activity that stabilizes Limulus sperm acrosomal microfilaments (Owen and De Rosier, 1993; Schmid et al., 1993 Schmid et al., , 1994 . Because it has been suggested that kelch repeats identify a family of actin-binding proteins (Cooley and Theurkauf, 1994; Knowles and Cooley, 1994) , and ENC-1 contains six of these repeats in the C-terminal half of the protein, we sought to examine the ability of ENC-1 to interact with the actin cytoskeleton. ENC-1 associates with the actin cytoskeleton (Fig. 4 D, a,b) in a transfected medulloblastoma cell line, which is a tumor arising in primitive cells of the developing NS that have evidence of neuronal differentiation (Jacobsen et al., 1985) . Additional evidence supporting the close association of ENC-1 and the actin cytoskeleton is our finding that ENC-1 and actin co-localize even after depolymerization of the actin filaments by treatment with cytochalasin D (Fig. 4 D, c,d) . Moreover, immunoprecipitation studies using anti-actin antibodies demonstrated that ENC-1 exists in a complex with actin (Fig. 4C) .
ENC-1 also shares significant homology to kelch repeats found in a large number of ORFs within the genome of poxviruses. The functional role of these repeats is unknown, but the poxviruses do associate with actin as part of their intracellular movement (Hiller et al., 1979 Krempien et al., 1981) . Recently, it was shown that the intracellular, enveloped form of vaccinia virus induces the formation of actin tails as a mechanism to facilitate direct spread between cells by exploiting the actin cytoskeleton, which directs virions to the cell surface (Cudmore et al., 1995) . Kelch-related proteins might mediate such viral interactions.
Interestingly, another domain of ϳ120 amino acids is present at the N terminus of ENC-1 and several members of the kelch family. This domain, found primarily in zinc finger proteins, is called BTB/ POZ and defines a newly characterized proteinprotein interaction interface (Godt et al., 1993; Bardwell and Treisman, 1994; Zollman et al., 1994) . This domain mediates both dimer and heterodimer formation in vitro (for review, see Albagli et al., 1995) (Chen et al., 1995) . The presence of the BTB/ POZ domain could allow ENC-1 homodimerization resulting in a complex with two actin-binding domains that could cross-link and stabilize actin filaments. Alternatively, ENC-1 could interact with other proteins by forming heterodimers through the BTB/ POZ domain.
ENC-1 is expressed throughout neural development and in the adult brain
ENC-1 is the only member of the kelch gene family that is primarily expressed in the NS. Northern blot analysis showed high expression levels of ENC-1 in brain, but not in any other mouse tissue examined (Fig. 1) . To gain insight about the functional role of ENC-1, we examined the expression of ENC-1 during mouse development. We have detected ENC-1 expression in the epiblast of E6.5 mouse embryos. At this stage, ENC-1 expression appears to be localized to the anterior and distal region of the egg cylinder (Fig. 5a,b) . Fate-mapping studies demonstrate that neuroectoderm is derived from these epiblast regions (Lawson et al., 1991; Quinlan et al., 1995) , which is consistent with the observation that later in development, ENC-1 expression is primarily restricted to the neural plate. The expression of ENC-1 in early gastrula stage embryos makes it one of the earliest markers of neural induction. Others genes recognized to be expressed in early precursors of the developing vertebrate NS, including Otx-2, XlHbox 6, XIPOU 2, and N-CAM, are distinguishable from ENC-1 in that their expression can also be detected in a variety of different lineages (Kintner and Melton, 1987; Wright et al., 1990; Simeone et al., 1992 Simeone et al., , 1993 Pannese et al., 1995; Witta et al., 1995) . For example, N-CAM, which is the most commonly used general marker of neural induction, is first detected at E8.0, and it is also expressed in other body regions such as somites, unsegmented mesoderm, and developing heart (Probstmeier et al., 1994) . In contrast, other genes such as type II ␤-tubulin and midsize neurofilament, which are specifically detected within neural structures, are not expressed before NS differentiation is morphologically recognizable. ENC-1 expression before development of NS tissues as well as its restricted expression within these tissues strongly suggests a role in the regulation of NS development.
ENC-1 is expressed in complex temporal and spatial patterns in the developing and adult CNS and neural crest. It appears to have distinct modules of expression that are delimited by longitudinal and transverse boundaries (Fig. 7) consistent with the prosomeric model (Bulfone et al., 1993; Puelles and Rubenstein, 1993; Rubenstein et al., 1994; Shimamura et al., 1995) . The fact that ENC-1 is expressed in dividing and postmitotic neural cells (Fig.  7) implies that its function is linked not only to properties of undifferentiated neural cells, such as a high proliferative potential, active migration, or process outgrowth, but also to properties of differentiated neural cells. During the early stages of development, alar plate expression of ENC-1 is localized primarily in domains that later develop a cortical cytoarchitecture: the laterodorsal areas of the T, the anlage of the cerebral cortex; the rostral MB, the anlage of the SuC; and the dorsal areas of the SC, the anlage of the dorsal horn of the SC. The expression of ENC-1 Lawson et al., 1991 and Quinlan et al., 1995) in these cortical postmitotic neurons suggests that this gene plays a role in the histogenesis of cortical CNS tissues. From E12.5 to E16.5, ENC-1 is expressed in cells of the rhombencephalic mantle layer that appear grouped in columnar clusters at different levels along the migration pathways defined by radial glia. The alternation of these ENC-1-positive clusters with columns of cells that do not express ENC-1 suggests the possibility of a clonal relationship among the cells that express ENC-1 and migrate along the radial glia. Interaction of ENC-1 with actin could be important for changes in the cytoskeleton associated with this cellular migration and differentiation (Sadler et al., 1982; Ostrovsky et al., 1983; Hatten, 1993; Lin et al., 1994) .
ENC-1 expression in the rostral-most somitomere of the presomitic mesoderm
We detected expression of ENC-1 in the rostral-most somitomere of the presomitic mesoderm. It is the only apparent expression of ENC-1 outside of the NS (Fig. 5i) . Somitomeres are spherical clusters of mesenchymal cells in the presomitic mesoderm that presage the segmentation of somites in the paraxial mesoderm (Tam and Trainer, 1994) . Interestingly, Noch-1 and Dll1, which are mammalian homologs of the Drosophila neurogenic genes Notch and Delta, are expressed both in the NS and in the paraxial mesoderm (Reaume et al., 1992; Bettenhausen et al., 1995) , and recently Noch-1 expression has been shown to be required for coordinated segmentation of somites (Conlon et al., 1995) . The somitomere matures with a concomitant increase in cell number and cell-packing density, reverting to an epithelial structure at the time of segmentation (Tam and Trainer, 1994) . This epithelialization process depends on cell-cell and cell-matrix interactions (Christ and Ordahl, 1995) . Our finding that ENC-1 is expressed in the rostral-most somitomere of the presomitic mesoderm, before its conversion into somites, but not in somitomeres in the cranial mesoderm, which never segment into somites, suggests that ENC-1 is expressed at the time of epithelialization that precedes Figure 7 . Schematic diagram illustrating the ENC-1 expression domains in a medial view of the mouse brain at E12.5. The medial wall of the telencephalon is opened to show the internal ganglionic eminences. The transverse (neuromeric) subdivisions are indicated by solid lines that are perpendicular to the principal longitudinal subdivision that divides the alar and basal zones and defines the longitudinal axis of the brain. Other longitudinal zones are indicated by black lines that are parallel to the longitudinal axis. Four longitudinal zones are shown in the SC; from dorsal to ventral, they are the roof plate, alar plate, basal plate, and floor plate. These four zones extend rostrally. For the definitions of the letter codes, see Table 1 . The rhombomeres (r1-r8) and theoretical prosomeres (P1-P6 ) are labeled. j-l, ENC-1 expression detected by in situ RNA hybridization. j, Sagittal sections of an E14.5 mouse embryo. The plane of section only cut a small tangential area of the telencephalic vesicle (T ). The expression is visible in prosencephalic and mesencephalic basal plates, from the MA to the isthmic negative gap (short arrow). The interstitial nucleus of Cajal appears intensely labeled (arrowhead). In the RH, the migrating cells from the rhombic lip to ventral areas are positive (long arrow). k, Sagittal section of an E16.5 mouse embryo. In the telencephalon, the cortical plate (CP) appears intensely positive, and some scattered expressing cells are present in the POA and the ST. The mamillary nuclear complex at the basal plate express ENC-1. DT and PT show intense positive cells. The SuC cortex express ENC-1. The isthmic segment are negative to ENC-1 expression, whereas scattered cells fill the rhombencephalic basal plate. Intense labeling is observed in the rhombic lip derivatives, the pontine, and the inferior olivary nuclei. l, Sagittal section of adult mouse brain. ENC-1 is strongly expressed in the HP and neocortex. Cells from the striatal and POA also expressed ENC-1. Caudally, transverse domains of expression are observed in ventral thalamic area (VT ), caudal hypothalamus (Hy), and pretectal area (PT ). The dorsal thalamus (DT ) and the collicular plate do not express ENC-1 at this stage. For abbreviations, see Table 1 . Scale bars: a, g, h, 300 m; e, 220 m; i, 100 m; j, 600 m; k, 480 m; l, 360 m; b is enlarged threefold more than a; c and d are enlarged 1.2-fold more than a; f is enlarged fivefold more than a. the formation of somites. Actin distribution is diffuse and random before this morphogenetic event, but during epithelialization, actin becomes prominent in the apical regions of the epithelial cells (Ostrovsky et al., 1983) . It is possible that ENC-1 plays a role in the actin rearrangement that accompanies this cellular reorganization that takes place in the epithelialization process during somite formation.
